Multifunctional chain transfer agents for RAFT polymerisation were designed for the one-step synthesis of amphiphilic star polymers. Thus, hydrophobically end-capped 3-and 4-arm star polymers, as well as linear ones for reference, were made of the hydrophilic monomer N,N-dimethylacrylamide (DMA) in high yield with molar masses up to 150 000 g mol
Introduction
Rheology modification, for instance of microemulsions, is an everyday issue for the formulation of liquid soaps, shampoos and other cosmetic products. Typical rheology modifiers used are a,u-double hydrophobically end-capped hydrophilic polymers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] So far, these have been mostly polyethylene oxides (PEOs) end-capped with n-alkyl ethers, n-alkyl urethanes (HEURs), and fatty acid esters or, alternatively, PEOs bearing short hydrophobic polymer end blocks. 8 The thickening effect of these compounds has been studied intensely. It was found that these polymers form a transient network of interconnected micelles in water. [1] [2] [3] [4] 8, [10] [11] [12] [13] [14] [15] The hydrophobic end groups function as ''stickers'' and the viscosity increase can be correlated to their length. 1, 4, 8, 13, 15 In the case of linear polymers, it is obvious that one polymer molecule can link not more than two micelles. The system becomes much more complex, once branched hydrophilic polymers with 3 or more hydrophobic sticker end groups are used. However, such studies are rare. 4, 16 According to the scarce literature it remains unclear, whether the topology of the amphiphilic polymers has an effect on the viscoelastic properties of their solutions or not. To shed some light on this problem, we therefore designed a series of analogous linear as well as 3-and 4-arm amphiphilic star polymers and compared their behaviour in aqueous solution.
Among the group of branched polymer architectures, star polymers combine the advantage of controlling the number and position of functionalities with a comparably straightforward synthetic access. 17 For the preparation of star polymers, two general routes are employed, namely the so-called ''core-first'' and ''arm-first'' approaches. [18] [19] [20] [21] While in the latter, the synthesis of single, linear arms allows for good control over the individual length of the arms, 22, 23 their subsequent coupling to a core demands a highly effective and selective coupling reaction.
22-24
The resulting star polymers rarely show a precise number of arms, but rather display a more or less narrow distribution of arms. 25, 26 This problem is more prominent, the higher the molecular weight of the polymers is. 18 In the core-first approach, the synthesis of a multiply initiating core may prove to be a challenging task 18, 27, 28 and -depending on the polymerisation technique employed -star-star coupling can occur. 29, 30 Nevertheless, when appropriate conditions are met, the core-first approach allows for good control over the number of arms and for the production of well-defined high molar mass polymers. Free radical polymerisation (FRP) does not allow the controlled fabrication of star polymers, even if some reports exemplify that controlled or living polymerisation may not always be necessary to obtain star-like structures. 31 Additionally, if amphiphilicity of the resulting polymers is aspired, the synthesis of star block copolymers or controlled hydrophobic end-capping of the star polymers becomes a necessity. Both structural features are achieved using either (mostly ionic) living polymerisation techniques or the techniques of reversible-deactivation radical polymerisation (RDRP), 32 often referred to as controlled radical polymerisation (CRP). Living ionic polymerisations, however, are in general infamous for their sensitivity to air, water and most functional moieties. In contrast, RDRP techniques are relatively robust and therefore allow for a convenient fabrication of amphiphilic star polymers. 19, 21, [33] [34] [35] [36] [37] [38] [39] Radical addition fragmentation chain transfer (RAFT) polymerisation in particular tolerates a large variety of functional monomers and is relatively undemanding in terms of experimental setup, as only a chain transfer agent (CTA) is added to a classical FRP mixture.
40,41
The synthesis of star polymers via the core-first approach by the RAFT process offers two possible strategies. 19, 29, [42] [43] [44] [45] [46] As a RAFT CTA may contain a functional R as well as Z group, the core of the star polymer can be chosen to be part of either of them. This has important consequences for the polymerisation process. Even though the Z group strategy falls into the category of the core-first approach, as the core containing multiple RAFT groups is synthesized prior to the polymerisation, the actual mechanism shares several features with the arm-first approach. As the core is part of the Z group, the thiocarbonyl thio moiety that introduces the RAFT equilibrium will stay at the core during the polymerisation. Hence, propagating chains have to diffuse to the centre of the forming star polymer to react with the controlling moiety and enter the RAFT equilibrium. The longer the chains get, the less probable is their diffusion to the sterically increasingly crowded center. 44, 45 Consequently, the more the polymerisation proceeds to higher conversions, the less control can be expected and the more incomplete stars and linear chains will be formed. This limits the practical arm length achievable by this approach. In contrast, if the core is part of the R group of the RAFT CTA, the chains will grow from the core and will be capped and de-capped by the thiocarbonyl thio moiety at the corona. While this approach allows for higher degrees of polymerisation and largely suppresses the formation of linear chains, it suffers from the possibility of star-star coupling reactions, the probability increasing both with conversion and number of arms. 43 In order to minimize such problems, Chaffey-Millar et al. suggested a number of design criteria for the well-controlled production of star polymers using the RAFT R group approach, based on theoretical calculations backed by experimental results. 29 They found that a high rate of monomer propagation combined with a small radical concentration and the use of rateretarding CTAs help in the formation of star polymers, while suppressing termination reactions leading to star-star coupling and the formation of linear chains. In our case, the RAFT R group strategy in the core-first approach enables us to prepare amphiphilic star polymers in a one step process in contrast to the reported multi-step processes.
10, 47 The CTAs must be tailored in such a way that they predetermine the number of arms and simultaneously introduce particular hydrophobic end groups. We employed n-alkyl chains with lengths of 4, 12 and 18 carbon atoms as hydrophobic end groups. The end group functionality of the polymers was varied from 2 (in the bifunctional linear polymers serving as reference) via 3 to 4 in the 3-and 4-arm stars, so that we could investigate the influence of the number of end groups as well as of hydrophobicity on the aggregation properties (see Scheme 1) . While the bifunctional CTAs 2C4-CTA,
48

2C12-CTA
49 and 2C18-CTA 50 have been described before, the various analogous multifunctional CTAs used have not been reported yet.
Current work in the field of amphiphilic, rheology modifying (star) polymers mostly relies on PEO, 4,34 poly(acrylic acid), 16, 35 or unsubstituted poly(acrylamide) 34 as the hydrophilic constituent. Here, we used N,N-dimethylacrylamide (DMA) as the monomer to synthesize well-defined hydrophobically end-capped hydrophilic polymers (see Scheme 2) . Poly(N,N-dimethylacrylamide) (PDMA) is a non-ionic and highly hydrophilic polymer without LCST at ambient pressure. 51, 52 Despite numerous advantageous features, PDMA has found little attention as an associative telechelic so far. It is more stable against hydrolysis than the classical unsubstituted poly(acrylamide) and does not show the ageing and cross-linking issues known for PEO. In contrast to unsubstituted acrylamide, DMA is much less toxic, but can be equally polymerized using robust and easy to handle radical Scheme 1 Di-, tri-and tetrafunctional chain transfer agents (CTAs) synthesized. polymerisation techniques in contrast to the demanding ionic polymerisation of gaseous ethylene oxide. Furthermore, DMA is known to have a high rate of propagation 53, 54 thus fulfilling one of the conditions postulated for an efficient production of star polymers.
Experimental section Materials
Benzene (thiophene free, $99%), trioctylmethylammonium chloride (AliquatÔ 336), 1,3,5-tris(bromomethyl)benzene (97%) and 1,2,4,5-tetrakis(bromomethyl)benzene (95%) were obtained from Aldrich. a,a 0 -Dibromo-p-xylene ($98.0%), 1-butanethiol (97%), 1-dodecanethiol ($98%) and potassium hydroxide (85%) were purchased from Fluka, 1-octadecanethiol (98%) from Acros, and carbon disulfide ($99.9%) from Riedel de Ha€ en. 1,1 0 -Azobis(cyclohexanecarbonitrile) (V-40) was a gift from Wako. The chemicals were used as received. N,N-Dimethylacrylamide (>99.0%, stabilized with MEHQ, TCI Europe) was distilled prior to use. Tetrahydrofuran ($99%, 0.025% BHT) was obtained from J. T. Baker, and diethylether (99.5%) and n-hexane (95.0%) from Th. Geyer (Chemsolute).
The synthesis and molecular characterisation of 2C4-CTA,
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2C12-CTA 49 and 2C18-CTA 50 are described elsewhere.
Instrumentation
NMR spectra were recorded using a Bruker Avance 300 NMR spectrometer operating at 300 MHz for 1 H measurements and 75 MHz for 13 C measurements. Chemical shifts d are given in ppm referring to tetramethylsilane (TMS).
UV/VIS spectra were recorded on a Varian Cary 1E spectrometer using quartz sample cells with an optical path length of 1 cm. From the extinction E at 309 nm of the polymer solutions in CH 3 CN, the molar mass M n UV can be calculated using eqn
] is the concentration of the polymer and d [cm] is the optical path length of the light inside the sample cell:
The molar extinction coefficient 3 of the trithiocarbonate chromophore substituted with a PDMA-analogous R group and n-butyl Z group was determined as 15 500 L mol À1 cm À1 in acetonitrile. 50 SEC measurements were done with two different systems. The SEC setup for measurements in a mixture of 80% 0.05 M Na 2 SO 4 in de-ionised water and 20% acetonitrile consisted of a four channel degasser SCM 400 from Spectra Physics, an isocratic pump P 1000 from Spectra Physics, a set of TSK-GEL PW columns (7.5 Â 300 mm) from TOSOH Biosep (Guard, 6000, 5000, 4000, 3000), a Dawn DSP MALLS detector from Wyatt, a UV/VIS detector UV 2000 from Spectra Physics and a dual detector for viscosity and refractive index h-1002 from WGE Dr Bures. The flow rate was 1 mL min À1 and the recorded traces were analyzed using Astra 4.9 software from Wyatt. The dn/dc value used for poly(N,N-dimethylacrylamide) in a mixture of 80% 0.05 M Na 2 SO 4 in de-ionised water and 20% acetonitrile was reported to be 0.161 mL g À1 .
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SEC measurements in N-methyl-2-pyrrolidone (NMP) + 0.05 M LiBr were performed at 70 C with a flow rate of 0.8 mL min À1 using a set of two PSS-GRAM columns (300 Â 8 mm, 100
A and 1000 A porosity, 7 mm particle size) and a TSP apparatus (Thermo Separation Products, Thermo-Finnigan GmbH) equipped with a Shodex RI-71 refractive index detector and a TSP UV detector. The traces were analyzed using linear polystyrene standards (PSS, Mainz/Germany) for calibration.
The small angle neutron scattering (SANS) measurements were performed at the pulsed neutron source ISIS at the Rutherford Appleton Laboratory, England on the SANS2D time-of flight instrument. The sample-to-detector distance as well as the collimation distance was 4 m. The wavelength of neutrons used was from 2 to 14 A. Accordingly, a range of the magnitude of the scattering vectors of 0.05 < Q < 8 nm À1 was covered. The SANS data were treated according to standard procedures for absolute scaling, radial averaging and background subtraction. The absolute scaling was done with a monodisperse, partially deuterated polymer blend. Detection efficiency was not taken into account. SANS measurements of the aqueous solutions of 1 and 5 wt% of samples 10 (3C12-PDMA) and 15 (4C12-PDMA) were performed at the spectrometer PAXY at the Laboratoire L eon Brillouin (LLB, CEA-CNRS, Saclay, France) with a neutron wavelength of 5
A and sample-to-detector distances of 1.145 and 5.045 m. The covered range of the magnitude of the scattering vectors was from 0.09 < Q < 3.3 nm À1 (more details are given elsewhere 55 ). For molar mass determination, the polymers were dissolved in THF-d8. THF is a good solvent for the polymer and correspondingly the obtained scattering curves were fitted with a generalized Gauss coil form factor that is given as:
and Gða; xÞ ¼
where G is the gamma function, n the excluded volume parameter from the Flory mean field theory (being 0.5 for ideal theta conditions and around 0.6 for the real theta case), and R g the radius of gyration. From I(0) the molecular weight can directly be calculated via:
where r is the polymer density (1.05 g cm
, N Av the Avogadro constant, Dr the difference of the scattering length densities of polymer and solvent, and c g the weight concentration of polymer.
Dynamic Light Scattering (DLS) experiments were performed at 25 C using a setup consisting of an ALV/LSE-5004 correlator, an ALV CGS-3 goniometer and a He-Ne Laser with a wavelength of 632.8 nm. Cylindrical sample cells were placed in an index matching toluene vat. Intensity correlation functions were recorded under different angles between 50 and 130 . Oscillating rheology measurements used a Bohlin Gemini 150 rheometer equipped with a high-frequency extension with a piezo rotary vibrator.
57 A plate-plate geometry of aluminium was used with a diameter of 40 mm. This set-up then allows for measurements from 10 up to 2000 Hz. This overlaps with the conventional set-up in which frequencies of 0.001-20 Hz can be covered, which was employed as well for all samples investigated.
Synthesis of the chain transfer agents
All chain transfer agents (CTAs) were synthesized under nitrogen atmosphere by a general protocol, adopting a procedure from Degani et al. 58 AliquatÔ 336 (0.1 mL) was added to aqueous KOH (20 wt%) and the solution was purged with nitrogen. The thiol was added and the mixture was stirred at room temperature for 15 min. Then, carbon disulfide was added and the mixture was stirred at room temperature for another 15 min. Finally, a solution of the chosen multifunctional benzyl bromide in THF (5 mL) was added and the mixture was stirred for 2 h at 70 C. The mixture was stirred overnight at room temperature to allow the reaction to complete. Then, dichloromethane was added, the organic phase was washed with 0.1 M HCl and with water. The organic phase was dried over MgSO 4 and the solvent was removed under reduced pressure. The residual raw product was purified by column chromatography on silica gel 60 using dichloromethane-n-hexane 1 : 10 as eluent. Anal. calcd for C 48 
RAFT polymerisations
All RAFT polymerisations followed a general protocol. The required amount of CTA was calculated using eqn (5) , where n is the number of moles, X is the aspired conversion and DP n is the aspired degree of polymerisation:
The amount of the initiator V-40 is calculated to give a ratio of CTA to initiator of n/n ¼ 10 : 1.
For a typical polymerisation aspiring a 3-arm C12 end-capped star polymer with DP n ¼ 500 and X ¼ 0.5, N,N-dimethylacrylamide (4 g, 0.04 mol, 4.16 mL) is dissolved in 5 mL of benzene and 3C12-CTA (38.3 mg, 0.04 mmol) in benzene (2 mL) is added. A stock solution of 1,1 0 -azobis(cyclohexanecarbonitrile) in benzene is prepared (2 mg mL À1 ). 1 mL of this solution (equivalent to 4 Â 10 À3 mmol initiator) is added to the polymerisation solution. The homogeneous reaction mixture is purged with nitrogen for 45 min and immersed into a preheated oil bath with a temperature of 90 C. After stirring for 3 h at 90 C, the reaction is stopped by opening the flask to the air and cooling with liquid nitrogen. The polymer is isolated by precipitation into diethylether, dissolved in water, lyophilized and weighed.
The theoretically expected molar mass M n theo is calculated using eqn (6) , where M CTA is the molar mass of the CTA, X is the conversion of the monomer, M DMA is the molar mass of the monomer and n is the number of moles, respectively:
Kinetic experiments
For kinetic experiments, the polymerisation mixtures were prepared as described above. Samples were drawn after predetermined time intervals via a syringe under positive pressure of nitrogen. The samples were quenched by exposure to air and cooling with liquid nitrogen. Monomer conversion was determined by 1 H NMR spectroscopy diluting the samples with benzene-d6. The conversion was determined by comparing the signals of the vinylic protons to those of the methyl protons. The samples were worked up as described above and analyzed by SEC.
Results and discussion
Synthesis and characterisation of the polymers
For synthesising the CTAs, n-alkylthiols of the desired length, carbon disulfide and the specific multifunctional benzyl bromides were used as building blocks.
58 Though the reaction is a priori straightforward, we found that the yield of the reaction decreased, the longer the n-alkylthiol and the higher the functionality was. Hence, for n-octadecylthiol-CTAs a mixture of solvents (water, THF, and benzene) had to be used to enable the reaction. This finding is attributed both to the steric shielding of the thiol-group on the longer n-alkylthiols, thus reducing the reactivity, and to the increased tendency of the alkyl-chains to crystallize and consequently precipitate from the reaction mixture.
The conditions for the preparation of the polymers were chosen taking the suggestions by Chaffey-Millar et al. into account.
29 Accordingly, polymerisations were conducted at the elevated temperature of 90 C, to favour fast propagation. In order to keep the delivery of radicals sufficiently low, we employed the initiator 1,1 0 -azobis(cyclohexanecarbonitrile), which has a half-life time of 10 h at 88 C. Furthermore, benzene, which is virtually inert to radical chain transfer reactions, was added as solvent to ensure proper dissolution of the monomer, the CTA and final polymer.
Under these conditions we were able to prepare amphiphilic star polymers from DMA in one step with high yields and good control over a wide range of molar masses (see Table 1 ). The polymers were characterized by various methods. Due to their amphiphilic character, size exclusion chromatography (SEC) of the polymers required the use of two set-ups. In the good solvent N-methyl-2-pyrrolidone (NMP), we found exclusively narrow monomodal molar mass distributions (PDI # 1.2). This is a first indication of the good control over the reaction (see Table 1 ). Despite the calibration of the SEC set-up by linear polystyrene standards, the apparent molar masses M n app obtained agree rather well with the theoretically expected M n theo for shorter chains (M n # 50 kg mol À1 ). With increasing chain length, however, the deviation of M n app from M n theo is increasingly visible (cf. Fig. 2 below) . Thus, additional SEC measurements were run with a second set-up, using an aqueous eluent (20% CH 3 CN in 0.05 M Na 2 SO 4 ) and multi-angle laser light scattering (MALLS) detection, which allows for the determination of absolute molar masses. Under these conditions, polymers with long chain lengths of DMA (DP n $ 250) and short end groups (C4 and C12) gave reliable results, with apparently only negligible fractions of aggregated polymer in the aqueous eluent. However, shorter polymers and polymers with octadecyl, i.e. with the most hydrophobic end groups, were found to aggregate and/or to interact with the column material, precluding from a meaningful analysis by this set-up. We noted that the molar masses determined using the SEC-MALLS set-up typically show slightly higher values than the theoretically expected values of M n theo . This finding can be due to the discrimination of smaller molar masses by MALLS detection, 59 leading to some overestimation for M n MALLS . As M w MALLS values are nevertheless good within precision, this implies that PDI MALLS values may underestimate somewhat the true polymer dispersities. 59 Indeed, the PDI values derived from the set-up in NMP (based on calibration by polystyrene standards) are systematically higher than the ones derived from the set-up using MALLS detection. Nevertheless, molar mass distributions were found to be narrow (<1.2) by either set-up (Table 1) . Thus, the combined results of both SEC set-ups indicate the well-controlled character of the polymerisation.
As the Z-groups of the CTAs form the hydrophobic part in the amphiphilic PDMA and are therefore a key molecular parameter for the self-assembly in water, preservation of these end groups during polymerisation is vital. In order to probe the degree of end group functionality, all samples were analyzed by UV/VIS spectroscopy. The trithiocarbonate moiety in the Z group shows a prominent absorption band around 309 nm (3 z 10 000 to 20 000 L mol À1 cm
À1
) and is thus suited for molar mass determination by end group analysis. 50, 60, 61 Assuming that every polymer holds the same number of trithiocarbonate moieties as the employed CTA, the number average molar mass is calculated using eqn (1). For well-controlled polymerisation this method leads to reliable results. 50 However, any termination event will reduce the number of trithiocarbonate moieties, and consequently, will make the calculated values of M n UV increasingly overestimating the true values of M n . Thus, the comparison of M n UV to M n MALLS (or to M n theo when SEC-MALLS could not be performed) will reveal the degree of end group functionality.
Noteworthy, the synthesis of the PDMA stars combines high yields (typically $85%) and effective preservation of Z end groups (end group functionality in most cases $90%, see Table 1 ). This finding is rather unusual, because the longer the polymerisation proceeds, the more termination events will happen. Possibly, the high structural control up to high conversion can be explained by the observation that the reaction mixtures became very viscous in the course of polymerisation. As termination is a diffusion controlled process and hence its kinetics are governed by the viscosity of the solution, high viscosity slows termination down and thus prevents both the formation of star-star couples and unfunctionalized chain ends.
In Table 1 we also list the molar masses M w SANS as determined from SANS experiments (for details see ESI †) of three different concentrations of polymers dissolved in THF-d8. The M w SANS values (Table 1 ) agree reasonably well with M w MALLS , being on average systematically about 10-20% higher. The radii of gyration R g range from 7.4 to 14.1 nm and are directly proportional to the molecular weight of the polymers.
The SEC-MALLS measurements provide direct evidence for the formation of star structures. As a star polymer has a more compact structure compared to a linear polymer of the same molar mass, a star polymer will elute later in SEC than its linear analogue. Fig. 1 shows the plot of M w MALLS over elution volume V. In agreement with theory, the plot shows an increasing elution volume with increasing number of arms of the polymer. The linear correlation of M w and V over a wide elution range indicates uniform structures, meaning that the arms in one star Table 1 Parameters and characterisation results for RAFT-polymerisations of DMA in benzene at 90 C for 3 h using CTA : V-40 ¼ 10 : 1 polymer molecule are of about the same length. Therefore, all indications from molecular analysis corroborate the successful preparation of well-defined star polymers.
To test the scope and limits of the PDMA star systems, we performed a set of polymerisations with increasing ratios of monomer to CTA, thus increasing the molar mass of the polymers prepared. The results of these experiments are plotted as apparent molar mass M n app as found by SEC in NMP over theoretically expected molar mass M n theo as calculated using eqn (6) (Fig. 2) . While the absolute values fit rather well for lower molar masses, the deviation between M n app and M n theo increases with increasing molar mass. This behaviour is in analogy to the results of Table 1 discussed above. Additionally, Fig. 2 shows a small, but nevertheless notable increase of polymer dispersity with increasing molar mass. This is a priori expected, as decreasing amounts of CTA lead inevitably to less control over the polymerisation. In any case, this plot shows that the PDMA system works very well (at least up to molar masses of 100 000 g mol
) for the preparation of well-defined amphiphilic star polymers.
In order to learn more about the polymerisation of DMA in our system, we conducted kinetic experiments employing 2-, 3-and 4-arm dodecyl-CTAs (2C12, 3C12 and 4C12, see Scheme 1), as illustrated in Fig. 3 . The evolution of conversion over time demonstrates that the polymerisation of DMA is fast, reaching 60% conversion of the monomer after 30 minutes of polymerisation time for 2C12-and 3C12-CTAs. Polymerisation is complete after 2 h. This corroborates the usefulness of DMA for the well-controlled production of star polymers. For the polymerisation using 4C12-CTA however, an induction period of about 60 min is clearly visible. This induction period can be explained by the peculiar molecular structure of the CTA, bearing two trithiocarbonate moieties in ortho-position at the phenyl ring. Once one of the positions is activated by the initial attack of the RAFT scheme, the neighbouring group can deactivate it, leading to the formation of a stable 7-membered cyclic radical (see Scheme 3). In the early stages of polymerisation the probability for this intramolecular addition can be as high as 99.9%, according to a study on the polymerisation of styrene with multifunctional dithioesters of analogous molecular structure. 29 Still, as this is a reversible equilibrium, the stable radical will open again, allowing for propagation. 62 Consequently, almost complete conversion of DMA is finally achieved after 3 h of polymerisation with 4C12-CTA (Fig. 3) . Note that all molar mass distributions obtained for the 4-arm star polymers are narrow and monomodal, indicating that the induction period has no consequences on the final outcome of the polymerisation.
In summary, we established conditions that allow the one-step synthesis of well-defined amphiphilic star polymers from DMA in high yield with excellent control over structure, molar mass and end group functionality. This enabled us to investigate the association behaviour of such amphiphilic stars in dependence on the various structural parameters.
Self-assembly of the polymers in aqueous solution
Due to the long hydrophilic DMA blocks that are common to the polymers prepared, all of them are well soluble in water, and thus, their behaviour in aqueous solution could be characterized by means of rheology, DLS, and SANS. Depending on the length of the alkyl end groups incorporated, hydrophobic aggregation is expected as it is known for previously studied linear and star like hydrophobically end-capped polymers. 1, 3, 16, 35, [63] [64] [65] [66] SANS experiments were exemplarily done on 1 wt% and 5 wt% solutions of polymer samples with dodecyl stickers (entries 4, 10 and 15, see Table 1 ) in order to learn about their structure in aqueous solution. The scattering curves (Fig. 4) in D 2 O show similar scattering patterns for the various polymers at a given concentration. Therefore, the number of arms apparently has little impact on their supramolecular structure, at the length scale under investigation. All samples exhibit scattering patterns as typically observed for spherically symmetric aggregates. In the case of the more concentrated solutions, the aggregates interact repulsively as indicated by a correlation peak. Most probably the hydrophilic polymer chains, which present a much larger volume fraction than the end groups in particular as the PDMA will be strongly hydrated, introduce significant repulsive interaction into this system. The attractive part of the interaction due to bridging is overwhelmed by an effective repulsive interaction due to the numerous surrounding hydrophilic chains, which give rise to substantial steric hindrance. The mean spacing of the aggregates was calculated from the position of the peak (see Table 2 ). This distance may be compared to the radius of gyration R g of a star polymer which can be calculated as:
where N is the total number of monomer units in the polymer, b is the length of the monomer, f is the number of arms in the star and C N is a correction constant (accounting for the local stiffness of the polymer chain) that is 9.3 for PDMA in water. 68 The mean spacing of the aggregates decreases with the radius of gyration of the polymer. Assuming a cubic packing of the aggregates (around the hydrophobic cores), we can obtain the number of the dodecyl chains per micelle (N St ) (see Table 2 ) and therefore the average number of polymer molecules associated with one micelle (N agg ) directly from the position of the correlation peak.
Assuming that the polymers self-assemble into flower-like micelles (inset of Fig. 4 ) that interact with a spherically symmetric potential, the scattering intensity can be approximated as
where 1 N is the number density of scatterers, V their volume, Dr the difference between the coherent scattering length density of the micellar unit and the one of the solvent, P(Q) the form factor, and S(Q) the structure factor that takes into account the interactions between the aggregates. In order to describe the conformational structure of the aggregates we employed a form factor for a star proposed by Fetters et al. 69 which has been commonly used to describe the structure of flower-like micelles formed by telechelic polymers:
The first term of eqn (9) is the Guinier approximation of the scattering intensity of the aggregates with radius of gyration R g , and forward scattering I(0) defined by the scattering of the dried volume of polymer given by 1 
NV
2 Dr 2 . The second term accounts for the monomer-monomer correlations with a being the scale parameter, x the correlation length inside the star, and m ¼ 1/n À 1 where n is the excluded volume parameter and G(m) is the gamma function of argument m. To account for the repulsive interactions, a hard sphere structure factor, S(Q, R HS , f HS ), in the Percus-Yevick approximation 73 was employed, where R HS is the effective hard sphere radius that defines the interaction length and their volume fraction (f HS ) is determined by the number density 1 N of hydrophobic cores given by:
Scheme 3 Hypothetical formation of a stable radical at the early stages of the polymerisation using 4-arm CTAs from Scheme 1, as exemplified for 4C12-CTA. Fig. 4 SANS patterns of the aggregates of 2C12-PDMA (,, entry 4 in Table 1 ), 3C12-PDMA (B, entry 10) and 4C12-PDMA (O, entry 15) at concentrations of 1 and 5 wt% in D 2 O at room temperature. The absolute intensity is correct for both 2C12-PDMA curves, subsequent curves are multiplied by a factor 2n for better visibility. The lines correspond to the fitted curves with a star form factor and a hard sphere structure factor (eqn (8)- (10)). The first two curves (2C12-PDMA) are from SANS2D and the rest from PAXY.
where N AV is the Avogadro number and C wSt , M St , and N St are the weight concentration, molecular weight and the aggregation number of the stickers, respectively. According to eqn (10), the volume fraction f HS and the hard sphere radius R HS are directly related to each other and enter only as one additional fit parameter which is the aggregation number N St . One observes that R HS (Table 2) is closely related to the length of the polymer. This model fits our experimental data rather well (Fig. 4 ) and accordingly seems to be an accurate description of the structural situation. Apparently the hydrophobic domains, as described by N St , remain constant in size irrespective of the number of arms. This implies that the tendency for aggregation is independent of the number of arms and apparently driven by the hydrophobic sticker. This means that the head group area per sticker in the aggregate is unaffected by the architecture of the polymer, as may be expected. In contrast, the R g values that also include the effective polymer shell around such a hydrophobic core become smaller with increasing concentration, which corroborates the picture of forming more compact aggregates in this case. The repulsion between the aggregates is apparently directly linked to the amount of water-soluble polymer chains and therefore basically identical for the samples shown here, as the polymer concentration is very similar.
At concentrations higher than the overlap concentration, the aggregation number is expected to increase as a consequence of the repulsion between the hydrophilic chains and at the same time the probability of bringing hydrophobic stickers together rises correspondingly. 74 It is interesting to note that N St remains constant regardless of the number of arms of the polymer. This confirms that the free energy to form loops is irrelevant in the self-assembling process when the aggregation number is large enough as reported by S er ero et al.
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In order to obtain further insight into the structural and dynamical properties of these end-capped star polymers in aqueous solution, DLS measurements on 1 and 5 wt% solutions of the same samples (4, 10 and 15) were done. The obtained intensity correlation functions g 2 (t) are shown in Fig. 5 . The curves of samples with 1 wt% polymer exhibit an apparently rather simple decay, where the characteristic time is shifted to larger times with increasing number of arms. Nonetheless, the CONTIN analysis (see Fig. S2 †) yields a rather complex distribution function of the decay times, where the maximum moves to larger times with the number of arms. Although this analysis must be taken with some care given the proximity of the maxima, it appears that there are 3 relaxation modes where the relative amplitudes change with the architecture of the polymer. Additionally, a comparison of mono-exponential, a stretched exponential and a bi-exponential fit (see Fig. S3 †) shows that the correlation function results from the sum of at least two diffusive modes, as both show a q 2 dependence. Therefore, the curves were analyzed as a sum of two decaying exponential functions. The two effective diffusion coefficients (Table 3) correspond to the coexistence of small objects of 17 nm and of larger ones of around 200 nm. The fraction of larger aggregates increases with the number of arms (see Fig. S4 †) . Also, the scattered intensity (listed in Table 3 ) increases with the number of arms supporting this idea. The hydrodynamic radii of the smaller-sized aggregates are in rather good agreement with the R g obtained by SANS ( Table 2 ). The somewhat larger value for the hydrodynamic radius is presumably due to the slowing down of the diffusion process by the PDMA corona of these aggregates.
In the case of 5 wt% samples one observes an even much more complex relaxation behaviour that extends over more than 5 orders of magnitude in time. Such complex relaxation patterns are frequently observed for polymeric networks, but have also Table 2 Parameters calculated from the position of the peak: N agg , N St , and R core and parameters derived from the detailed fits: R G , x and R HS . Entry numbers refer to Table 1 Polymer been seen for water-in-oil microemulsion droplets that are crosslinked by amphiphilic polymers. 75 In our case, the relaxation always proceeds via three clearly separated modes, as similarly observed before in the case of the classical associative telechelic C 12 EO 460 C 12 .
2 This demonstrates that one does not observe a simple diffusion process here, but the complex behaviour has to be associated with the network formed by the polymers in solution. Previous studies on model networks formed by simple telechelic polymers showed similarly three relaxation modes, where the fast one is associated with the droplet diffusion, the intermediate one is independent of q, and the slow one is typically also diffusive.
76,77
For the 5 wt% samples the g 2 (t) data were fitted to a sum of one simple exponential and two stretched exponential functions:
From the angular dependence of the relaxation times (Fig. 6 ) we can conclude that the fast relaxation is purely diffusive as shown by its q À2 dependence. The effective collective diffusion coefficients are larger than what is expected from the size of the aggregates obtained by means of SANS. This is typical for repulsive interaction which enhances collective diffusion substantially compared to the non-interacting case. 78 The intermediate relaxation mode is almost independent of q, while the slow relaxation mode shows a rather strong dependency with the scattering vector, following a power law of 2-4, the exponent increasing substantially with increasing number of arms. Such behaviour is characteristically observed for viscoelastic networks with physical cross-links. 79, 80 Interestingly, the slower modes become more prominent when going from the 2-arm to the 4-arm polymer. This indicates that the tendency for aggregation increases with the number of arms. In particular, the intermediate relaxation mode, which is independent of q, becomes more pronounced. This mode appears to be linked to the rheological properties of the samples (see Fig. 7 ) and its characteristic time appears to be directly related to the rheological relaxation time (s R ). Thereby it would be a direct measure of the elastic properties of the formed networks.
The samples with 1 wt% polymer show low viscosity. At 5 wt%, a network is formed as already observed by SANS and DLS and the samples are highly viscous. In order to gain further information about their rheological behaviour the frequency dependent viscoelastic properties of these transient networks were determined by oscillatory shear experiments over an extended frequency range with a particular emphasis on the high frequency range. The obtained values for storage modulus G 0 and Table 3 Parameters obtained from DLS, SLS and rheology for the samples of 2C12-PDMA, 3C12-PDMA, and 4C12-PDMA for 1 and 5 wt% concentration. Entry numbers refer to Table 1 Polymer i Aggregation number obtained from G 0 . Fig. 6 q dependency of the three relaxation times for 5 wt% solutions of 2C12-PDMA (squares), 3C12-PDMA (circles), and 4C12-PDMA (triangles). loss modulus G 00 are given in Fig. 7 . Both moduli are increasing for lower frequencies but not with the power law of 2 and 1, respectively, as predicted by the Maxwell model. Accordingly, these are not simple rheological systems, but G 0 nonetheless effectively approaches a plateau value for frequencies above 100 Hz.
The crossover point of G 0 and G 00 can be taken for determining the characteristic rheological relaxation time, which increases from 9 to 16 ms when going from the 2-arm to the 4-arm polymer. This time is of the same order of magnitude as the q-independent intermediate relaxation process of DLS, thereby indicating that here the same process is monitored and they follow exactly the same tendency. At the same time, the plateau value of the elastic modulus G 0 increases from 79 to 2800 Pa. This shows that with increasing number of arms the relaxation process becomes slower and at the same time the elastic properties of the network increase substantially.
According to a simple network theory, 26 the high frequency storage modulus is given by G 0 ¼ N is the number density of elastically connected points. This theory can be applied to the experimental data and from the number density 1 N one can calculate the corresponding theoretical number of elastic chains per aggregate (see Table 3 ).
Both DLS and rheology show that the polymers with more arms show a higher preference for interaggregate association than for intraaggregate association, i.e. for forming networks. In addition, the increase of the shear modulus G 0 apparently is directly related to the increase of the amplitude of the intermediate relaxation process observed in DLS which demonstrates that they are directly linked to each other and occur with the same characteristic time.
Conclusion
The combined results of polymer characterisation, i.e., 1 H NMR spectroscopy to follow conversion of the monomer, UV/VIS spectroscopy to probe the degree of end group functionalisation, and SEC to obtain the molecular weight distribution demonstrate the successful preparation of well-defined, hydrophobically end-capped, amphiphilic star polymers in one step from N,N-dimethylacrylamide and designed hydrophobic multifunctional RAFT agents. SANS studies of these highly water-soluble polymers revealed that their end-groups self-assemble in aqueous solution. While at lower concentrations flower-like micelles seem to exist, higher concentrations resulted in the formation of a transient network of polymer micelles. However, SANS did not show a peculiar effect of the number of arms of the star polymers on the structure of the networks, so that e.g. the number of hydrophobic dodecyl chains is constant at about 20, irrespective of the number of arms, i.e., the aggregation number is simply controlled by the packing conditions of the hydrophobic chains having a constant area requirement at the amphiphilic interface.
When looking into the dynamic properties of the networks using DLS and rheology, the number of arms and the tendency to form a network in between the micelles are correlated. DLS shows already a more complex behaviour for dilute (1 wt%) samples, exhibiting a multi-modal relaxation, presumably due to the formation of clusters. The more concentrated (5 wt%) and highly viscous samples show even 3 relaxation modes. While the first is diffusive and related to the size of the contained hydrophobic domains, the characteristic time of the second mode is independent of q, and the relaxation rates of the third mode show a power law dependence on q that rises from 1.6 for the 2-arm polymer to 4.2 for the 4-arm polymer. The second mode shows a similar timescale as the characteristic time of rheology, and both methods agree well in the general trend of the values found. Our initial hypothesis that a branched amphiphilic polymer might show a higher tendency to form a network than a linear analogue is thus confirmed for their behaviour in aqueous solution. Importantly, this behaviour does not affect the static structure seen by SANS, but it affects in a similar way both DLS measurements and rheological behaviour. Future work will be directed towards the question whether such polymers are suitable for exerting rheological control in microemulsions as well.
